We have studied the magnetic properties of multilayers composed of ferromagnetic metal Co and heavy metals with strong spin orbit coupling (Pt and Ir). Multilayers with symmetric (ABA stacking) and asymmetric (ABC stacking) structures are grown to study the effect of broken structural inversion symmetry. We compare the perpendicular magnetic anisotropy (PMA) energy of symmetric Pt/Co/Pt, Ir/Co/Ir multilayers and asymmetric Pt/Co/Ir, Ir/Co/Pt multilayers. First, the interface contribution to the PMA is studied using the Co layer thickness dependence of the effective PMA energy. Comparison of the interfacial PMA between the Ir/Co/Pt, Pt/Co/Ir asymmetric structures and Pt/Co/Pt, Ir/Co/Ir symmetric structures indicate that the broken structural inversion symmetry induced PMA is small compared to the overall interfacial PMA. Second, we find the magnetic anisotropy field is significantly increased in multilayers when the ferromagnetic layers are antiferromagnetically coupled via interlayer exchange coupling (IEC). Macrospin model calculations can qualitatively account for the relation between the anisotropy field and the IEC. Among the structures studied, the IEC is the largest for the asymmetric Ir/Co/Pt multilayers: the exchange coupling field exceeds 3 T and consequently, the anisotropy field approaches 10 T. Third, comparing the asymmetric Ir/Co/Pt and Pt/Co/Ir structures, we find the IEC and, to some extent, the interface PMA are stronger for the former than the latter. X-ray magnetic circular dichroism (XMCD) studies suggest that the proximity induced magnetization in Pt is larger for the Ir/Co/Pt multilayers than the inverted structure (Pt/Co/Ir), which may partly account for the difference in the magnetic properties. These results show the intricate relation between PMA, IEC and the proximity induced magnetization that can be exploited to design artificial structures with unique magnetic characteristics.
We have studied the magnetic properties of multilayers composed of ferromagnetic metal Co and heavy metals with strong spin orbit coupling (Pt and Ir). Multilayers with symmetric (ABA stacking) and asymmetric (ABC stacking) structures are grown to study the effect of broken structural inversion symmetry. We compare the perpendicular magnetic anisotropy (PMA) energy of symmetric Pt/Co/Pt, Ir/Co/Ir multilayers and asymmetric Pt/Co/Ir, Ir/Co/Pt multilayers. First, the interface contribution to the PMA is studied using the Co layer thickness dependence of the effective PMA energy. Comparison of the interfacial PMA between the Ir/Co/Pt, Pt/Co/Ir asymmetric structures and Pt/Co/Pt, Ir/Co/Ir symmetric structures indicate that the broken structural inversion symmetry induced PMA is small compared to the overall interfacial PMA. Second, we find the magnetic anisotropy field is significantly increased in multilayers when the ferromagnetic layers are antiferromagnetically coupled via interlayer exchange coupling (IEC). Macrospin model calculations can qualitatively account for the relation between the anisotropy field and the IEC. Among the structures studied, the IEC is the largest for the asymmetric Ir/Co/Pt multilayers: the exchange coupling field exceeds 3 T and consequently, the anisotropy field approaches 10 T. Third, comparing the asymmetric Ir/Co/Pt and Pt/Co/Ir structures, we find the IEC and, to some extent, the interface PMA are stronger for the former than the latter. X-ray magnetic circular dichroism (XMCD) studies suggest that the proximity induced magnetization in Pt is larger for the Ir/Co/Pt multilayers than the inverted structure (Pt/Co/Ir), which may partly account for the difference in the magnetic properties. These results show the intricate relation between PMA, IEC and the proximity induced magnetization that can be exploited to design artificial structures with unique magnetic characteristics.
Perpendicular magnetic anisotropy (PMA) is one of the key parameters in developing modern spintronic devices including spin transfer torque (STT)-magnetic random access memory (MRAM) [1] , spin orbit torque (SOT)-MRAM [2, 3] and Racetrack memory [4, 5] . As STT or SOT is used to control the magnetization direction of the magnetic layer in these technologies, it is common to use a few atomic layers thick magnetic layer to maximize the efficiency of current induced magnetization switching. For such ultrathin magnetic films, the magnetic easy axis lies along the film plane due to the strong shape anisotropy. A standard approach to changing the direction of the magnetic easy axis from the film plane to the film normal, which is beneficial for current controlled magnetization [6, 7] , is to use the PMA that originates from interfaces. It is now well understood that certain combinations of materials give rise to a strong PMA [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In particular, the interface of a ferromagnetic metal (FM) with a heavy metal (HM) with strong spin orbit coupling is one of the prototypical systems to establish PMA in ultrathin magnetic films [8] [9] [10] [11] [12] [13] .
The strength of PMA is directly related to the thermal stability of the magnetic bits in the MRAM/Racetrack technologies. It is often the case that one uses both the top and bottom interfaces of the FM layer to increase the overall PMA of the system [17] . For example, multilayers composed of repeats of FM/HM bilayers, such as Co/Pt multilayers, have been used as the reference layer of STT-MRAM. In addition, synthetic antiferromagnets with interlayer exchange coupling (IEC) [18, 19] are often used in the reference layer to reduce its stray field that may otherwise disturb the magnetization switching process of the information storage layer. Interestingly, it has been recently reported that antiferromagnets, including the synthetic antiferromagnets and ferrimagnets, can be used as the information storage layer in SOT-MRAM owing to the high efficiency to control magnetization via the SOT [20] [21] [22] [23] [24] [25] . It is thus of high importance to control both the PMA and the IEC in such systems.
The origin of PMA at the HM/FM and FM/oxide interfaces have been studied extensively [11, 12, [26] [27] [28] [29] . In general, changes of the electron orbital occupation of atoms near the interface contribute to the PMA. It has been recently proposed that a spin-split band of the Rashba-type at the interface contributes to the emergence of PMA [30, 31] . The model predicts that structures with broken inversion symmetry, e.g. films with ABC stacking, may lead to larger PMA than otherwise. As such spin split states at the interface may also modify spin mixing conductance and the Dzyaloshinskii-Moriya interaction [32, 33] , interests in exploring structures with broken inversion symmetry are growing.
Here we present systematic studies on the magnetic properties of Pt/Co/Pt, Ir/Co/Ir symmetric multilayers and Pt/Co/Ir, Ir/Co/Pt asymmetric multilayers. We find a giant perpendicular magnetic anisotropy emerges in Ir/Co/Pt multilayers. The film stacking and thickness dependence of the PMA, IEC and the proximity induced magnetization are studied to identify the origin of the giant PMA.
Films were deposited, using RF magnetron sputtering, on silicon substrates coated with ∼100 nm thick silicon oxide. The film structure is sub.
N is the number of repeats of the unit structure denoted in the square brackets. d X , t, and d Y are the nominal thickness of the X, Co, and Y layer, respectively. We refer to the films as symmetric (asymmetric) when X=Y (X =Y). The magnetic properties of the films were studied using vibrating sample magnetometry (VSM). Films with uniform thickness across the substrate were used for the VSM measurements. Since the applicable magnetic field of VSM is limited to ∼2 T, we use transport measurements when larger field is required. The transport measurements were carried out in physical properties measurement system (PPMS) with maximum field of 14 T using patterned Hall bars. We define the z-axis as the direction parallel to the film plane normal. Current is passed along the x-axis and the Hall voltage is measured along the y-axis. Optical lithography and Ar ion etching were used to define the Hall bars and a standard liftoff process were used to pattern the electrodes (contact pads) made of 5 Ta/100 Au. Device patterning were performed on wedge films in which the thickness of X or Y layer is linearly varied across the substrate using a moving shutter during deposition of the film (the thickness of the rest of the layers are kept constant).
The transverse resistance of a Hall bar R xy is proportional to the z-component of the magnetization due to the anomalous Hall effect of the ferromagnetic layer:
where ∆R AHE is the anomalous Hall resistance andm z is the average z-component of the magnetization of the FM layers in the system. Other contributions to R xy is neglected as the field sweep is limited along the z-axis for the R xy measurements. Figure 1( at zero µ 0 H z is nearly one third of that of the largest µ 0 H z , suggesting that the three Co layers are coupled antiferromagnetically. The expected magnetic configuration of the three Co layers are illustrated using the arrows depicted in Fig. 1(a) . The longitudinal resistance R xx of the Hall bar is influenced by the current in-plane giant magnetoresistance (GMR) and the spin Hall magnetoresistance (SMR) [34] [35] [36] :
R 0 is the base resistance that does not depend on the magnetization, ∆R GMR is the difference in R xx when the FM layers are in the anti-parallel and parallel states and ∆R SMR is the spin Hall magnetoresistance. ϕ is the angle between the magnetization of the FM layers: when the FM layers are coupled ferromagnetically (antiferromagnetically), we define ϕ = 0 (ϕ = π).m y is the average y-component of the magnetization of FM layers in the system. We have neglected contributions from the anisotropic magnetoresistance (AMR) here as the field sweep is limited within the yz plane. The µ 0 H z dependence of the longitudinal (R xx ) resistance of the same structure with Fig. 1 (a) ([0.6 Ir/0.9 Co/0.13 Pt] with N = 3) is shown by the black squares in Fig. 1(b) . Resistance steps are found at µ 0 H z ∼ ±3 T, which coincide with the switching field between the parallel and antiparallel states found in Fig. 1(a) . Thus the steps in R xx is caused by the GMR: the difference in R xx between the parallel (ϕ = 0) and anti-parallel (ϕ = π) states is equal to ∆R GMR . We define the transition field as the exchange coupling field µ 0 H EX (see Fig. 1 (a) and 1(b) for an illustrative depiction of µ 0 H EX ).
The red circles in Fig. 1 (b) display R xx measured along against µ 0 H y . The magnetic configuration at zero field is the anti-parallel state (see the arrows depicted in Fig. 1(a) ). As the magnitude of µ 0 H y is increased, all moments will point along the field and the magnetic configuration becomes the parallel state. As evident, R xx decreases with increasing field and tends to saturate at µ 0 H y ∼7 T. This is the field at which all moments point along the y-axis: we define the saturation field (i.e. the magnetic anisotropy field) as µ 0 H K . Interestingly, R xx at |µ 0 H y | > 7 T is not at the same level with that when |µ 0 H z | > 3 T. The difference in R xx when large H y and H z are applied, caused by the SMR, corresponds to ∆R SMR in Eq. (2) . We verified that ∆R SMR does not depend on the sign of IEC. It is the smallest for the [Ir/Co/Ir] structures, increases when one of the Ir layer is replaced with Pt and is the largest for the [Pt/Co/Pt] structures. This is consistent with the trend one expects from the SMR since the spin Hall angle of Pt is significantly larger than that of Ir [37] .
The magnetic field dependence of R xx for the N = 3 symmetric structures with unit structures of [0.6 Pt/0.9 Co/0.6 Pt] and [0.25 Ir/0.9 Co/0.25 Ir] are shown in Figs. 1(c) and 1(d), respectively. For the former (X,Y=Pt), the easy axis loop (R xx vs. µ 0 H z ) shows no step-like reduction of R xx with increasing H z , suggesting that the three Co layers are not coupled antiferromagnetically. From the hard axis field sweep (along y), we find µ 0 H K ∼1 T, comparable to previous reports in similar structures [38, 39] . In contrast, for the Ir/Co/Ir symmetric structure, both the easy axis switching field and the hard axis saturation field are considerably larger. As reported previously, the IEC mediated by a thin Ir layer is one of the largest among the non-magnetic transition metals [40] . Here, the total thickness of the Ir spacer is ∼ 0.5 nm, corresponding to the first antiferromagnetic coupling peak for Ir. The results in Fig. 1(d) show that the anisotropy field µ 0 H K is also enhanced, compared to the uncoupled Pt symmetric structure. Compared to the easy and hard axes loops of the asymmetric structure ( Fig. 1(b) ), the loops of the Ir/Co/Ir symmetric structure are rounded and the easy axis switching/anisotropy fields are not well defined. In systems with µ 0 H K < µ 0 H EX , we find such loops indicating that the magnetic system becomes isotropic.
The Ir layer thickness dependence of the anisotropy field µ 0 H K and the exchange coupling field µ 0 H EX for the Pt/Co/Ir and Ir/Co/Pt asymmetric structures are shown in Figs. 2(a,b) . The thickness of Co and Pt layers is fixed to ∼0.9 nm and ∼0.6 nm, respectively. µ 0 H EX (red circles) shows a peak at d Ir ∼0.4 nm. These results are consistent with previous reports in which a strong IEC was observed in Co/Pt multilayers coupled via a thin Ir layer [40, 41] The Pt layer thickness dependence of µ 0 H K and µ 0 H EX are displayed in Figs. 2(c,d). The thickness of the Co layer is fixed to ∼0.9 nm and that of the Ir layer for Ir/Co/Pt (Pt/Co/Ir) is ∼0.6 nm (∼0.5 nm). Within the thickness range of the Pt layer shown in Figs. 2(c,d), the Co layers are coupled antiferromagnetically. For both heterostructures, µ 0 H K and µ 0 H EX decay monotonically with increasing Pt layer thickness. These results show that it is mainly the Ir layer thickness that defines the sign of IEC but interestingly, combined with an Ir layer of proper thickness, a Pt layer of thickness up to ∼1 nm can mediate antiferromagnetic IEC even though Pt alone exhibits weak ferromagnetic IEC without oscillation [19, [42] [43] [44] [45] .
To study the correlation between the PMA (anisotropy field) and the IEC, we use a macrospin model. We start from a system that consists of two ferromagnetic layers (i = 1, 2) separated by a non-magnetic spacer layer: see the inset of Fig. 3(b) . In accordance with the experiments, we set the magnetic easy axis of the two layers along the z axis. The magnetic energy density of the system reads
where M i is the magnetization vector of layer i, m i is its unit vector and θ i is the polar angle of m i with respect to the z axis. M i , H Ki and t i are the saturation magnetization, uniaxial anisotropy field and the thickness, respectively, of layer i. J is the interlayer exchange coupling constant between layers 1 and 2. The sign of J is defined positive (negative) if the magnetization of the two magnetic layers exhibit ferromagnetic (antiferromagnetic) coupling. A is the area of the interface and H is the applied magnetic field.
The Landau-Lifshitz-Gilbert equation,
is numerically solved with the parameters defined in the caption of Fig. 3 to calculate the magnetization hysteresis loops of the two FM layers 1 and 2 with a negative J. The calculated z-component of magnetization of the two layers, m 1z and m 2z , and the sum, m 1z + m 2z , are plotted as a function of µ 0 H z in Figs. 3(a-c) . Although the magnetic parameters of the two FM layers are set to similar values, the magnetization switching fields are different due to the IEC. Using energy minimization and looking for the condition at which one solution becomes more stable than the others, the switching field from the parallel to antiparallel configuration is expressed as [43] 
where H Ji ≡ − J µ0Miti (i = 1, 2). Similarly, the field at which transition from the anti-parallel to parallel configuration takes place is given by
In deriving Eqs. (5) and (6), we have assumed H K1 = H K2 ≡ H K0 and t 1 = t 2 ≡ t. This is typically the case since, in experiments, the magnetic layer consists of the same material with the same thickness. Note that the switching field shown above only applies to system with negative J. µ 0 H C1 and µ 0 H C2 are schematically depicted in Fig. 3(c) . The hard axis magnetic anisotropy field µ 0 H K is defined as the in-plane magnetic field needed to cause the magnetization to point along the film plane. Without the interlayer exchange coupling, H K is equal to H K0 . With the IEC, H K takes the form:
From hereon, we also assume M 1 ≈ M 2 ≡ M and define H J ≡ − J µ0Mt . Substituting these conditions into Eqs. (5) and (6), the exchange field defined below reads
Similarly, the apparent hard axis magnetic anisotropy field H K becomes
As evident, H EX → 0 and H K → H K0 when J → 0. Equation (9) also shows that, with the IEC, H K increases linearly with J. This can be understood as following: on applying an in-plane external field, the magnetization of each layer deviates from the initial perpendicular collinear antiparallel state to adopt a non-collinear scissored arrangement with finite in-plane component along the field direction. Similar to the uniaxial magnetic anisotropy, IEC favoring antiparallel arrangement acts as an additional restoring force against the external field, leading to an enhancement of the apparent H K . Note that spin-flop type transitions [46] are not observed under application of hard axis field here.
We may rewrite Eqs. (8) and (9) to obtain the following relation between H K and H EX :
The model above describes IEC in a trilayer system with two FM layers separated by a non-magnetic spacer layer. In FM/NM multilayers (i.e. multiple repeats of the FM/NM unit structure), the IEC becomes twice as large compared to that of the trilayer system since the number of exchange coupled interfaces almost doubles (we ignore contribution from the edge FM layers). Thus the relation between H K and H EX , as denoted in Eq. (10), holds for the multilayer system as well. We may therefore test this relation using heterostructures with increased number of N .
Black squares and red circles in Figs. 3(d,e) show the Ir layer thickness dependence of experimentally obtained µ 0 H K and µ 0 H EX , respectively, for the Pt/Co/Ir and Ir/Co/Pt asymmetric structures with N = 12. Compared to the heterostructures with N = 3 (Figs. 2(a) and 2(b)), µ 0 H K and µ 0 H EX are both larger. Such trend may be attributed to the enhanced fcc(111) texture as the overall film thickness becomes larger. The calculated µ 0 H K using Eq. (10) is shown by the blue solid line in Figs. 3(d) and 3(e) . In the calculation we assume a constant µ 0 H K0 that is taken from the thick Ir limit of µ 0 H K found experimentally. The calculated results are in relatively good agreement with those of the experimental results. However, we find that the calculation tends to underestimate µ 0 H K found in the experiments when the antiferromagnetic IEC is strong.
These results show that the large µ 0 H K of the asymmetric structures is predominantly due to the existence of IEC. Next we evaluate the interface contribution to µ 0 H K by studying the Co layer thickness (t) dependence of the magnetic properties. Magnetization hysteresis loops with field swept along the magnetic easy and hard axes are measured using VSM. Figures 4(a-c) and 4(g-i) show the the measured magnetic moment per unit area M/A of the symmetric and asymmetric structures plotted as a function of t. The thickness of the X and Y layers in the heterostructures is fixed to ∼0.6 nm and the number of repeat N of the unit structure is 3. As evident, M/A increases linearly with t: we fit the data with a linear function to find the saturation magnetization M S and the magnetic dead layer thickness t D from the slope and the x-axis intercept of the fitted linear function, respectively.
The effective magnetic anisotropy energy K eff of the film is obtained by calculating the areal difference between the out-of-plane and in-plane magnetization hysteresis loops. Note that K eff estimated using the areal difference excludes contribution from the interlayer exchange coupling. The product K eff t eff is plotted as a function of t eff ≡ t − t D in Figs. 4(d-f) and (j-l). (See the Appendix for comparison of all structures with d X = d Y = 0.6 nm.) As with the case of other systems [7, 47, 48] , K eff t eff increases with decreasing t eff before it drops when the magnetic layer becomes thin and/or when strain effects take place [47, 49, 50] . We therefore fit the data in the appropriate thickness range with a linear function. The slope and the y-axis intercept of the fitted linear function provide information on the bulk contribution K B − 1 2 µ 0 M 2 S and interface contribution K I to the magnetic anisotropy energy. The parameters obtained from the fittings are summarized in Table I . Table I shows that the average saturation magnetization M S is close to that of bulk Co for all structures. The magnetic dead layer thickness is non-zero when Co is placed next to Ir. The dead layer thickness is the largest for the Ir/Co/Ir symmetric structure and t D seems to be larger when Ir is placed on top of Co compared to the case when it sits below Co. A negative t D is found for the Pt/Co/Pt symmetric structures, which is due to proximity induced magnetization of Pt. The interface contribution (K I ) to the magnetic anisotropy energy is all positive and is the largest for the Pt/Co/Pt symmetric structure. In contrast, the bulk contribution (K B ) is found to be small compared to the overall magnetic anisotropy energy.
Note that the K I values listed in Table I are not sufficient to unambiguously determine the contribution from each interface. However, we may check the presence of PMA that originates from electronic states in broken structural inversion symmetry [30, 31, 51] . To do so, we compare the average K I of the symmetric and asymmetric structures using the values from Table I . We take the average K I of Pt/Co/Pt and Ir/Co/Ir structures, which is ∼1.5 mJ/m 2 , and the average K I of Ir/Co/Pt and Pt/Co/Ir structures, which is ∼1.6 mJ/m 2 . Although the average K I is ∼0.1 mJ/m 2 larger for the asymmetric structure, the difference is small compared to the overall PMA. From these results, it is difficult to conclude, in part due to the uncertainties in extracting K I by linear extrapolation, whether the broken structural inversion symmetry induced PMA is present in the heterostructures studied here.
As shown in Fig. 3 (d) and 3(e), the calculated µ 0 H K based on Eq. (10) underestimates the anisotropy field. In particular, the calculated µ 0 H K for films with thinner Ir layer is smaller than that found in the experiments. Table I shows that for the Pt/Co/Ir multilayers with different Ir thicknesses (d Ir ∼0.4, 0.6, 0.8 nm), K I is close ∼1.5 mJ/m 2 and is not necessarily larger for the thinner Ir films. These results justify the assumption used in the calculations of µ 0 H K that µ 0 H K0 is constant as a function Ir thickness. Thus the difference between the calculated and experimentally obtained µ 0 H K cannot be accounted for with the current parameters. We therefore infer that either the macrospin model is not sufficient to describe the relation between the anisotropy field µ 0 H K and the exchange coupling field µ 0 H EX , or other sources of PMA exist for the thin Ir asymmetric structures. The former may be associated with the magnetization switching process in which the calculations assume a single domain Stoner-Wohlfarth type switching whereas in the experiments, the reversal process may involve domain wall nucleation and propagation. The non-collinear antiferromagnetic states that appear upon application of magnetic field may also contribute to the discrepancy.
Interestingly, we find that the IEC and the interface PMA (K I ) are larger for the Ir/Co/Pt asymmetric structures compared to its inverted structure, Pt/Co/Ir. To identify the origin of the difference in IEC and PMA for the two asymmetric structures (Ir/Co/Pt and Pt/Co/Ir), we have studied the spin and orbital magnetic moments of Pt and Ir in the heterostructures using X-ray magnetic circular dichroism (XMCD) spectroscopy. The thickness of the X and Y layers are fixed to ∼0.6 nm and the Co layer thickness is ∼0.9 nm. The number of repeats of the unit structure N is fixed to 1. (Similar results are found in the Pt/Co/Ir heterostructures with N = 1 and N = 2.) Magnetic field (∼2 T) perpendicular to the film plane is applied during the measurements. The X-ray absorption spectra (XAS) at the Pt and Ir L 2 and L 3 edges are shown in Figs. 5(a) and 5(b), respectively. We find similar XAS spectrum for all heterostructures. In contrast, the XMCD spectra show clear dependence on the film stacking. We estimate the spin m s and orbital m o magnetic moments of Pt and Ir using the XMCD spectra and the magneto-optical sum rules [52] . The values are summarized in Table II . Since we use the partial fluores- cence yield mode to collect the signal, which gives negligible depth dependence of the XMCD signal strength as compared to the electron yield mode, the obtained magnetic moments are not influenced by the element's distance to the surface for the structures studied here and they reflect the thickness averaged values. As evident from Table II , we find non-negligible difference in the Pt m s for the heterostructures containing Pt: m s is the largest for the Ir/Co/Pt heterostructure and is the smallest for the Pt/Co/Ir heterostructure. m s for the Pt/Co/Pt symmetric structure is close to the average value of the Ir/Co/Pt and Pt/Co/Ir asymmetric structures. These results thus show that the Pt m s is larger when it is deposited on Co compared to the case when it is placed below. Similar to m s , the Pt m o is also larger when Pt is placed on top of Co. For Ir, we find order of magnitude smaller spin and orbital magnetic moment with similarly larger moments at the top interface (the values are close to the detection limit of XMCD). We note that the magnetic dead layer thickness of the Ir/Co/Ir structures is non-zero (t D ∼0.4 nm, see Table I ). The coexistence of strong IEC, moderate PMA and relatively thick magnetic dead layer in the symmetric Ir/Co/Ir multilayers suggests that interface with a finite magnetically dead layer does not necessarily imply the absence of interfacial PMA, IEC and vice versa [53] .
Theoretically, it has been suggested that a spin-split band of the Rashba-type at the interface may lead to enhanced induced orbital moment of the heavy metal layer in contact with ferromagnetic layers [54] . The larger Pt m o at the top Co/Pt interface can therefore be reflecting the presence of such spin-split band at the interface, which may also enhance the PMA via the strong spin orbit coupling of such states. This may account for the larger K I found for the Ir/Co/Pt heterostructures compared to the Pt/Co/Ir heterostructures. It is unclear whether the IEC can be influenced by such spin-split states at the interface. As IEC has been generally known to originate from exchange of spin current across the nonmagnetic spacer layer [55, 56] , strong spin orbit coupling of the spacer layer has been considered to be detrimental to the IEC. On the other hand, a larger induced moment in Pt may be beneficial for mediating the strong antiferromagnetic IEC of the Ir spacer, thus explaining the larger µ 0 H EX and its slower decay with increasing Pt thickness, observed for Ir/Co/Pt multilayers compared to the inverted Pt/Co/Ir multilayers. We infer that the spin-split states at the top interface may contribute to both the large PMA and IEC in the Ir/Co/Pt multilayers.
Finally, it is worth noting that seed layer of different surface energy may change the growth mode, strain and degree of intermixing of the resulting sputtered films. Such stacking order dependence of the structural properties can influence magnetic properties related to interface states. For example, previous studies have shown that the interfacial Dzyaloshinskii-Moriya interaction (DMI) in sputtered Pt/Co/Pt symmetric heterostructures is not zero [57] [58] [59] , suggesting that the DMI at the lower Pt/Co and the upper Co/Pt interfaces are not identical (the sign of DMI at the lower and upper interface is opposite). Asymmetry in the proximity induced magnetization was also found in Pd/Co/Pd symmetric structures [60] : induced moment of Pd at the upper interface is larger than that of the bottom interface albeit little difference in the roughness at the two interfaces. Note that the different magnetic properties of Ir/Co/Pt and Pt/Co/Ir multilayers do not alter with increasing repetition number N ; see Figs. 2((a,b) and 3(d,e ). Since any difference in the texture or strain will be mitigated as the film thickness increases by increasing N , we infer it is not the texture or the strain that causes the difference. We consider growthrelated intermixing at the interface and consequently different electronic structure of the interface states play a certain role for the difference in PMA and IEC of the Ir/Co/Pt and Pt/Co/Ir asymmetric structures.
In summary, we have studied the perpendicular magnetic anisotropy (PMA) and the interlayer exchange coupling (IEC) in symmetric and asymmetric heterostructures. We find a giant perpendicular magnetic anisotropy field (µ 0 H K ) emerges in Ir/Co/Pt multilayers: µ 0 H K approaches 10 T for an optimized structure. To identify its origin, film stacking and thickness dependence of the PMA, IEC and the proximity induced magnetization are studied. Direct comparison of the interfacial PMA between the Ir/Co/Pt, Pt/Co/Ir asymmetric structures and Pt/Co/Pt, Ir/Co/Ir symmetric structures indicate that the broken structural inversion symmetry induced PMA is rather small. We find that µ 0 H K is significantly increased when the ferromagnetic layers are antiferromagnetically coupled via interlayer exchange coupling (IEC). The Ir layer thickness dependence of µ 0 H K and the exchange coupling field µ 0 H EX show a direct correlation, which can be qualitatively accounted for using macrospin model calculations. The IEC and consequently µ 0 H K are found to be significantly larger for the Ir/Co/Pt multilayers compared to the inverted Pt/Co/Ir multilayers. X-ray magnetic circular dichroism (XMCD) spectroscopy studies indicate that the proximity induced magnetization of Pt is also larger for the Ir/Co/Pt structures than the Pt/Co/Ir structures. These results thus show the correlation between PMA, IEC and the proximity induced magnetization that may originate from the spin orbit coupled states at the interface. Such characteristics of artificial heterostructures can be exploited to design structures with strong PMA and IEC, potentially useful for magnetic memory technologies.
APPENDIX

A. Comparison of K eff
To provide a direct visual comparison of the PMA energy density among the multilayers with different stacking, we overlay in Fig. 6 the t eff dependence of K eff t eff for multilayers with d X = d Y ∼ 0.6 nm. For each data set, we extract the critical effective Co thickness t eff at which K eff t eff changes sign. These crossover thicknesses are indicated by vertical arrows of appropriate colors in Fig. 6 . As evident, the asymmetric Ir/Co/Pt structures show the largest PMA energy density, with K eff t eff ∼ 0.65 mJ/m 2 and a crossover thickness of ∼ 1.7 nm. (The corresponding K eff is ∼ 8.2 × 10 5 J/m 3 at t eff ∼ 0.8 nm (or t ∼ 0.9 nm)).
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